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The results of extensive experimental studies on jet-induced mixing in water storage tanks 
are reported. The experiments were conducted using a newly developed three-dimensional laser-
induced fluorescence (3DLIF) system that can measure the whole field.pf tracer concentrations 
in the tanks and its temporal evolution through the mixing process. Experiments were conducted 
on three types of storage tanks: Ground level cylindrical (GC), Standpipe (ST), and Ground 
level rectangular (GR). For each tank style, various combinations of inlet geometries were 
tested. The inlet geometries included single and multiple nozzles that were oriented vertically, 
horizontally, or at 45° to the vertical. The inlets were at the tank bottoms or distributed over 
their depths. Various flow rates were tested with inflowing water that was either neutrally, 
positively, or negatively buoyant compared to the water in the tank. A total of about 140 
experiments were done, forming a huge data base that should aid in rational tank design and in 
the development of computational fluid dynamics (CFD) codes. 
For each experiment, the distribution of tracer concentration within the tank was measured 
as a function of time. The degree of mixing was quantified by the coefficient of variation (COV) 
of the tracer concentration distribution, defined as the standard deviation of the concentrations in 
the tank divided by their mean value. A time for mixing tm was defined as the time where the 
COV fell to 10%. A dimensionless time for mixing, rm, was defined based on tm, the tank 
volume, and the momentum flux of the inflow. The dimensionless time was used to compare the 
mixing efficiencies of the various tank and inlet configurations. 
The experiments reveal complex flow patterns within the tanks, even in the absence of 
buoyancy effects. Three-dimensional circulations and gyres can form. In particular, tanks with a 
vertical center nozzle with large diameter-to-depth ratio formed a ring-shaped dead zone. This 
flow structure has not been previously reported. Moving the nozzle to a side wall also resulted in 
formation of a recirculation gyre, but it was not a dead zone that prevented mixing. 
Values of dimensionless mixing times are presented from which mixing times in prototype 
tanks can be predicted. 
The following observations were made for experiments with no density differences and for 
runs over one inflow cycle with inflow only. 
• For cylindrical tanks: 
o The dimensionless mixing time xm « 9 for ground level cylindrical tanks with 
ff/D«0.25. 
o The mixing time increases as the depth-to-diameter ratio increases. For standpipe 
tanks xm « 15 for H/D « 2.5. In other words, tall slender tanks are more difficult to mix 
than short, squat tanks. 
o Vertical nozzles at the bottom mixed most efficiently. Mixing became more rapid as 
the number of nozzles increased. For GC tanks, four nozzles distributed over the tank 
bottom reduced the mixing time by about 50% compared to a single vertical nozzle. 
Multiple horizontal nozzles of nozzles oriented at 45° did not decrease mixing time. 
o If a single vertical nozzle is used, placing it near a sidewall appears to be preferred. 
xv 
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o The use of a draft tube in tall standpipe tanks impairs mixing due to restriction of 
entrainment into the jet. 
• Mixing times for ground level rectangular (GR) tanks are generally similar to GC tanks. 
Density differences (usually caused by temperature differences between the inflow and the 
stored water) can complicate the flow considerably. Whether or not the tank mixes depends 
mainly on the density difference, the inflow momentum flux, and the water depth. If the tank 
does not mix, a stable density stratification forms which could be quite resistant to subsequent 
mixing. The following observations were made. 
• For negatively buoyant inflows (i.e. the inflow is colder than the stored water): 
o Vertical discharges at the bottom are best. 
o The tendency to mix depends on the total momentum flux and is only weakly improved 
by multiple nozzles. A criterion is given to predict whether mixing occurs with vertical 
or inclined nozzles based on the vertical component of the total momentum flux, the 
buoyancy flux, and the water depth. This criterion applied to all tank styles. 
o Of the tanks with horizontal nozzles, only those with high momentum flux with 
multiple nozzles distributed over the water depth became mixed. 
o A draft tube improved mixing for some standpipe tests. This is because the standpipe 
provided a route for the dense inflow to reach the top of the tank before falling and 
mixing. Some of the tanks became mixed with the draft tube that would otherwise not 
be mixed. 
• For positively buoyant inflows (i.e. the inflow is warmer than the stored water. These tests 
were only with GC tanks): 
o Horizontal inflows at the bottom mixed best. 
o None of the single vertical nozzles resulted in mixing. 
o Criterion for mixing were given based on the momentum flux, the density difference, 
and the water depth. 
Some tests were made on the GC tank with simultaneous inflow and outflow at the same 
rates so the volume in the tank remained constant. The mixing times were longer than for similar 
conditions with inflow only. 
The flows are dominated by large-scale, coherent unsteady vortices, which account for a 
significant part of transport and mixing. CFD models of tank mixing will have to simulate such 
structures and the complex three-dimensional circulations that were observed in order to be 
reliable tools to predict tank mixing and for tank design. 3DLIF is a cost-effective tool for 




Deterioration of water quality in finished water storage facilities is a major concern for 
water utilities. Despite extensive investigations over a number of years, many problems still 
plague the estimated 400,000 finished water storage facilities in the. United States. These 
problems are described in a recent issue of the AWWA Journal (Martel et al., 2002). They 
include loss of disinfectant residual due to hydraulic short-circuiting, poor mixing and 
circulation, poor turnover time, and excessive detention time. Reservoirs, with their large 
capacities and long detention times, are generally considered to have negative impacts on water 
quality within the distribution system that can often be attributed to the poor locations, 
configurations, and orientations of inlet and outlet pipes. 
The mixing processes in these storage tanks are primarily driven by the momentum of the 
inflow. A complex flow results that is three-dimensional, unsteady, and difficult to predict. The 
difficulties are compounded by the enclosing geometry and also buoyancy forces caused by 
density differences due to temperature differences between the inflow and the stored water. As a 
result, there are few guidelines on how to design storage tanks to promote effective mixing. 
Although laboratory and field studies on mixing tanks have been done, they have been limited by 
point sampling techniques to observations at only a few points in the tanks that are inadequate to 
portray the three-dimensionality of the flows. 
In this report, we present the results of research on tank mixing using a three-dimensional 
laser-induced fluorescence (3DLIF) system that allows non-intrusive measurements of the entire 
tracer concentration field in the tank. Systematic experiments were conducted on three major 
reservoir types with varying inlet and outlet geometries, including multiple nozzle diffusers, that 
include many tank designs found in practice. Various inlet geometries, inflow rates, and density 
differences were modeled. The experiments take into account jet momentum and also buoyancy 
effects that may be caused by differences between the inlet water and tank water temperatures. 
The range of buoyancies studied was representative of those that commonly occur due to 
temperature variations around the US and worldwide. The overall objective of the project was to 
obtain basic information on the hydrodynamics of jet-induced mixing in closed tanks and to 
provide recommendations for the design of storage tanks that enhance water quality by 
maximizing mixing. 
About 140 experiments were conducted and extensive data were collected and analyzed. In 
this report, the experimental program is described and the results of experiments presented. 
Some CFD simulations were also done to elucidate the issues facing numerical modeling of these 
complex flows and to indicate future research needs in developing reliable CFD tools. In 





EXPERIMENTAL APPARATUS AND TECHNIQUES 
CONFIGURATIONS TESTED 
The objective of this research was to investigate jet-induced mixing in water storage tanks. 
Laboratory experiments were performed in order to measure the influence of tank geometry and 
inlet configurations for varying inflow momentum with and without density differences between 
the inflow and the stored water. Three common styles of distribution storage tanks were tested 
as shown in Figure 2.1. 
(Typical inlet and outlet configurations 
are shown, actual configurations vary) 
Ground level cylindrical 
(GC) 




Figure 2.1 Tank styles tested 
The tank styles are: Ground level cylindrical (GC); Ground level rectangular (GR); and 
Standpipe (ST). Typical tank dimensions are shown in Table 2.1, along with the dimensions of 
the models used. Twenty six combinations of tank and inlet/outlet configurations, shown 
schematically in Table 2.2, were tested. The physical modeling laws are discussed in Chapter 2. 
The results can be scaled to other geometrically similar tanks of various sizes, inflow rates, and 
densities using the scaling methods discussed in Appendix A. The conditions and results for all 
experiments are summarized in Appendix B. 








Diameter Water Nozzle Volume 
orsidewall depth diameter (MG) 
length (ft) (ft) (in) 
Scale Diameter Water Nozzle 
or sidewall depth diameter 
length (in) (in) (in) 
119.0 30.0 16.0 2.5 81.6 17.5 4.4 0.196 
50.0 125.0 16.0 1.8 80.0 7.5 18.8 0.200 
105.0 30.0 16.0 2.5 81.6 15.4 4.4 0.196 
3 
Table 2.2 Tank and Nozzle Configurations Tested. 
Ground level cylindrical (GC) Standpipe (ST) Ground level rectangular (GR) 
GC01: One nozzle, 
vertical, near wall. 




GC02: One nozzle, 
vertical, center 








nozzles. Two near 
wall up at 45°. 
Three at center, one 
vertical, two at 45° 
GC05: Three 
nozzles, horizontal. 
One at 2/3 depth, 
two at 1/3 depth 
tangential to wall 
GC06: Three 
nozzles, vertical 
GC07: Six nozzles, 
up at 45°. Same as 
GC06, except two 
nozzles per riser. 
GC08: Four 
nozzles, vertical, 





















center, plus draft 
tube 
ST 12: Same as 
ST II but no draft 
tube 
-f 
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GR01: One nozzle, 
horizontal, near floor. 
mid-wall 
GR02: One nozzle, 





GR04: One nozzle, 
vertical 
GR05: Four nozzles, 
horizontal, mid-depth 
GR06: Four nozzles, 
vertical 
GR07: Four nozzles, 
inclined up at 45° 
GR08: Four nozzles, 





The experiments account for the momentum of the inflowing jets and also buoyancy effects 
due to density differences between the inflow and the stored water. The density differences 
modeled are based on expected ranges that occur in different seasons and geographic regions. 
Most of the experiments were conducted with inflow only; a few were done with simultaneous 
inflow and outflow (flow-through). 
Some inlet configurations were tested for two inflow rates (high and low momentum fluxes) 
and three buoyancies: neutral, positive, and negative. Not every possible combination of 
variables could be tested, so each tank style was first run at two flowrates with neutral buoyancy 
to establish the effects of momentum on mixing. Experiments were then run at the lower flow 
rate with positive and negative buoyancies. 
PHYSICAL MODELING LAWS 
Hydraulic models are usually scaled according to laws based on traditional dimensionless 
parameters, for example, Reynolds number, Froude number, and length scales. It is never 
possible to ensure full similitude in a hydraulic model; in other words it is never possible to have 
simultaneous equality of all dimensionless parameters. Therefore, it is essential that the 
dominant processes and forces are modeled. 
The flows considered here are driven primarily by the jet-induced momentum of the inflow 
but may also be influenced by density differences between the inflow and stored water. Such an 
inflow is generally described as a buoyant jet. It is characterized by the jet velocity Uj, the nozzle 
diameter d, and the modified acceleration due to gravity, g'Q = g(Ap/pa) (provided 
Ap/pa «1, which it always will be here) where Ap = pa - p0 is the density difference between 
the stored water, pa, and the inflow, p0. 
Consider a round tank, characterized by its diameter D and water depth H, that is mixed by 
the inflow of a buoyant jet. Any flow property, such as the time required for the tank to be fully 
mixed, tm, is given by: 
tm=f{Uj,d,g;,D,H) (2.1) 
which becomes, following a dimensional analysis: 
!JL.f(K,±,Fj) (2.2) 
D [D D J) 
where F. =«,•/ ^g„d is the jet densimetric Froude number. The modeling laws would then 
consist of equality of the Froude number and of the length scale ratios, H/D and d/D, between 
model and prototype (full-scale). This is referred to as an undistorted model, i.e. it is 
geometrically similar to the prototype as all lengths scale in the same ratio. These laws are often 
used in modeling the behavior of buoyant jets that arise in wastewater discharges into the 
environment, for example Roberts and Snyder (1993). Equality of the jet Reynolds number, 
Re = Ujdlv where v is the kinematic viscosity, between model and prototype is not possible, 
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and Re is much smaller in the model than in the prototype. This is not a serious limitation, 
however, as the flow properties are independent, or only weakly dependent on Re (and of 
viscous effects) provided the jets are fully turbulent. This occurs if Re > 2000 (Fischer et al., 
1979, Roberts and Snyder, 1993). 
The number of variables can be reduced, and greater physical insight obtained, by 
characterizing the jet by its fluxes of volume, Q, momentum, M, and buoyancy, B: 
Q = ^d)Uj M=UjQ B = g'0Q (2.3) 
Because the dynamical effect of Q can usually be neglected (except very close to the nozzle) the 
most important parameters are M and B. Eq. 2.1 can then be replaced by: 
tm=f(M,B,D,H) .. (2.4) 
which becomes, following a dimensional analysis: 
tmM
U2 (H O 






i/4/BU2 is a length-scale of the buoyant jet. Similitude now results from equality 
of the ratio H/D (and of course the tank shape and inlet location and orientation) and the ratio 
lM /H. It is no longer necessary to geometrically scale the nozzle diameter so long as the ratio 
lM /H is the same in model and prototype. This allows for wider application of the scaling 
results. Note that lM /H = (^/4)
1/4 Fj/(H/d). 
The ratio lM /H has dynamical significance. For a freely rising plume, lM is the distance 
over which the jet momentum is important relative to the jet buoyancy flux (Fischer et al., 1979). 
If lM /H «1, the flow is buoyancy dominated and the source momentum has negligible effect; 
if lM jH »1 the flow is momentum dominated and the buoyancy has negligible effect. The 
flow of a vertical buoyant jet rising upwards in water of finite depth H becomes unstable (mixes 
over the depth) if lM /H > 0.23, but forms a stable, stratified surface flow if lM /H < 0.23 
(Wright et al., 1991). While stable flow is desirable for a wastewater discharge into the 
environment, as it prevents reentrainment of the inflow back into the plume, it is undesirable in 
mixing tanks where it results in a stable stratification forming in the tank that inhibits mixing. 
These considerations allow better classification of the flow types possible, and better choices of 
conditions to model. 
A special case occurs when where there is no density difference between the inflow and the 
stored water. B is then zero, and Eq. 2.5 becomes: 
tM 1/2 
D 
= /[-) (2-6) 
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For a fixed value of H/D, tmM
112 /D2 is equal to a constant, an equation proposed by Fossett and 
Prosser (1949), and Van de Vusse (1955). Because the tank volume, V, is proportional to HD2, 
Eq. 2.6 can also be written: 
KDj r2/3 
(2.7) 
where rm - tmM
U2 /V2n is a dimensionless mixing time. For fixed H/D, Eq. 2.7 becomes: 
LM"2 
rill = Constant (2.8) 
as proposed by Rossman and Grayman (1999). Eq. 2.7 shows, however, that it is only valid over 
some limited range of H/D; an objective of this research is to investigate the conditions for which 
Eq. 2.8 applies. 
The requirements for similitude between model and prototype (i.e. the modeling laws) for a 










= 1 and 
vn Jr 
(2.10) 
where the subscript p denotes the prototype (full-scale), m denotes the model, and r the ratio of 
prototype to model. 
There are three independent choices of model scales: The density difference ratio, (A/c/p) , 
the geometric scale, Dr (also equal to Hr), and the nozzle diameter ratio dr. Once these scales are 




V. P Jr 
3/2 
r"r D.d (2.11) 
the time ratio, U (= tp/tm) is: 






T dr D: di (2.12) 
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Drd;
U2 (2.13) 
Note that DT - HT, so the model tank diameter and depth are undistorted, but dT need not be equal 
to DT, i.e. the nozzle diameters need not be geometrically scaled in the same ratio. Also, the 
density difference ratio (Ap/p)r need not be equal to one, i.e. density differences in the model 
need not be the same as in the prototype. For further discussions of similar modeling, see 
Roberts and Snyder (1993). 
The case with no density difference, i.e. B - 0 so that the inflow is characterized only by the 
momentum flux M, is an interesting one. The flow characteristics now depend only on M, H, 
and D, implying that equality of one dimensionless group is required for similitude. But no 
dimensionless group can be formed from M, H, and D, that includes M; in other words, the 
results of model tests with no density differences can be scaled to any (geometrically similar) 
tank of any size and any inflow rate. This is the same statement as Eq. 2.8, but arrived at from a 
different point of view. 
For inflows with density differences, the results can be scaled to tanks of other sizes, inflow, 
and density difference by making the independent dimensionless parameters of Eq. 2.5 equal in 
model and prototype. For inflows with no density difference, Eq. 2.8 is applicable, using the 
appropriate value of the constant for the particular tank geometry. The prototype tanks should 
have similar nozzle geometry, i.e. the number of nozzles, their orientation, and location, and the 
Reynolds numbers of the inlets should be greater than about 2,000 to ensure turbulent flow (this 
will almost always be the case for large prototype tanks). Examples of scaling the results to 
various prototype conditions are given in Appendix A. 
APPARATUS 
A newly developed three-dimensional laser induced fluorescence (3DLIF) system was used 
to measure the evolution of the mixing induced by the inflow and the spatial variation of tracer 
concentration. The experiments were conducted in the Environmental Fluid Mechanics 
Laboratory at the Georgia Institute of Technology. 
The experimental configuration is shown in Figure 2.2. The test tanks are constructed of 
clear Lucite to allow the laser beam to pass through. Two of the tank styles are cylindrical and 
their curved sidewalls would cause refraction of the laser beam as it passed through the 
air/Lucite and Lucite/water interfaces. To obviate this, the test tanks are placed in a large 
rectangular tank which is filled with water. The outer tank is about 1.0 m wide by 0.86 m deep 
by 0.61 m tall. The left and rear panels and tank floor are painted black to reduce reflections. A 








computer Image acquisition 
computer 
Figure 2.2 Schematic depiction of 3DLIF system 
Figure 2.3 Photograph of experiment 
The inflow is supplied by the system shown in Figure 2.4. The solution, stored in a 40-liter 
tank, is a mixture of fresh water and fluorescent dye with salt (NaCl) and/or ethanol added for 
density control. Sodium thiosulfate is added to remove any residual chlorine. The fluid densities 
are measured with a calibrated Troemner specific gravity balance to an accuracy of ±0.1 at (±0.1 
kg/m3). The inflow is pumped from the source tank and the flowrate is measured by a turbine 
flowmeter whose analog voltage output is monitored by a laptop computer containing a data 







Computer for flow 
control and 
measurement 
Figure 2.4 Schematic depiction of experimental flow control 
The LIF system consists of two fast scanning mirrors that drive a laser beam from an Argon-
Ion laser through the flow in a programmed pattern (Figure 2.2). The system is controlled by 
two computers, one for overall timing control, and one for image capture. A small amount of a 
fluorescent dye is added to the inflow. The fluorescent dye is Rhodamine 6G, whose wavelength 
of maximum absorption is close to that of the laser (514 nm). Detailed characteristics of 
Rhodamine 6G are given in Ferrier et al. (1993). The laser causes the dye to fluoresce, and the 
emitted light is captured by a CCD camera. The vertical mirror sweeps the beam down and back 
while the camera is exposing (i.e. the shutter is "open"). The horizontal mirror then moves the 
beam a small distance horizontally, the previous frame is downloaded, the camera buffer cleared, 
and the next exposure begins. This is repeated so that multiple vertical "slices" through the flow 
are obtained. After a predetermined number of "slices" the beam returns to the starting point and 
the cycle starts again. The images are written to hard disc in real time and saved for further 
processing. Tracer concentrations are obtained from the images by the methods discussed 
below. 
The camera is a Dalsa CA-D6. This digital camera provides output in 8-bit resolution, i.e., a 
gray scale with 256 levels. The resolution (number of active pixels) is 532 by 516. The LVDS 
(Low Voltage Differential Signal, also known as EIA-644) data format enables high data 
transmission rates over long cable lengths. The maximum frame rate of this camera is 260 
frames per second, which gives a maximum data rate of about 71 MHz. This high data rate is 
achieved by using four taps, each capable of 25 MHz. For the experiments reported here, frame 
rates of 100 frames per second were used. The camera is externally triggered by a TTL signal 
from the National Instruments I/O Board. It has a high-gain A/D converter to enable use with 
low fluorescence light levels. Even with the high gain, the noise level is still quite low. A 
Fujinon CCTV camera lens of 25 mm focal length and fO.85 aperture was used. A long pass 
orange filter (Schott glass 530) was placed between the lens and the CCD sensor lens to pass 
only the fluoresced light and eliminate the laser scattered light. 
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CONFIGURATIONS AND MODEL SCALES 
The parameters for all experiments are summarized in Appendix B. The experiments were 
designed according to the hydraulic modeling laws (Eqs. 2.9 and 2.10) assuming nominal scales 
of 80:1 or 81.6:1 and the prototype dimensions shown in Table 2.1. The results can be scaled to 
other prototype conditions, however, as discussed in Appendix A. 
EXPERIMENTAL PROCEDURE 
The test tank and outer rectangular tank (if used) were first filled with filtered tap water and 
allowed to settle. The inflow solution is then prepared and the fluid densities measured. The 
experiment is initiated by a digital signal from the timing control computer (Figure 2.2) which 
initiates image capture by the CCD camera. The inflow is then begun and the flowrate is 
monitored by the laptop computer. Images were obtained at a rate of 100 frames per second. To 
improve image quality, the laser beam was scanned four times vertically for each image, i.e. the 
laser scan frequency is 400 Hz. Each full 3D data set consists of 40 slices, or images. There is a 
short delay, typically 1.2 to 3 seconds, between every complete set of 3D scans. The inflow rate 
was maintained constant for a finite time, then stopped. During a typical experiment 4500 to 
5700 images are obtained, requiring a storage space of 1 to 1.5 gigabytes. The raw data were 
backed up and archived to DVD. 
The images were corrected for spatial lens and sensor variations using the procedures 
detailed in Daviero et al. (2001) and Tian (2002). A "standard" image is obtained of a uniform 
white board illuminated by a uniform light source. The gray scale levelst)f such an image would 
be uniform for a perfect lens and sensor. Typically, however, it is usually brighter at the center 
and darker at the edges, a phenomenon known as vignetting. This standard image is used to 
correct for this non-uniform brightness variation. A black level image is also obtained by 
covering the lens. This image is also non-uniform due to variations in pixel characteristics. 
These variations are corrected as follows. The black level image is first subtracted from each 
raw image and also from the standard image. The new raw images are then divided by the new 
standard image, pixel by pixel, and the final images are then multiplied by a scale factor: 
Is(i,k)-Ib(i,k) 
where (i,k) are the pixel indices, Ic(i,k) is the corrected pixel value, Ir(i,k) is the raw image pixel 
value, Is(i,k) is the standard image pixel value, h(i,k) is the black level image pixel value, and K 
is a scale factor equal to the average pixel value in the standard image. 
The laser beam decreases in power as it traverses the water in the tanks causing decreased 
light emission. This attenuation can be substantial if there is salt, ethanol, or fluorescent dye 
present. It is corrected using the technique of Daviero et al. (2001). 
Finally, the tracer concentrations are obtained from the relationship between image gray 
scale level and dye concentration. This relationship is linear but the constant of proportionality 
must be measured. This was done as follows. Immediately after each experiment, the solution 
11 
in the test tank was stirred to make sure it was homogeneous and images were obtained. Because 
the source dye concentration is known and the inflow rate is monitored, the average dye 
concentration in the tank can be calculated and the coefficient of proportionality computed. The 
coefficient varies with distance from the camera and therefore for each image plane. As shown 
in Figure 2.5, the coefficient increases with distance from the central plane. This variation is 
caused by the circular shape of the test tank and the differing path lengths through water of the 
emitted light to the camera. Laser beams off the central plane pass through longer distances of 
Lucite due to the curved cylinder wall, which increases beam attenuation. Individual calibration 
















-15 -5 5 15 
Distance from the central plane, cm 
25 
Figure 2.5 Variation of LIF calibration coefficient 
with distance from vertical tank center plane . 
Image capture and storage was controlled by the computer program Video Savant™ (IO 
Industries). This software can capture only raw LIF images, however, so a custom software 
package, TFLOOK, was developed for calibration, image corrections, animations, and data 
analyses. TFLOOK is a 32-bit Windows program written in Visual C++ 6.0, for details, see Tian 
(2002). Finally, two and three-dimensional visualizations of the data were made using TecPlot 





The mixing in a tank can be quantified by the coefficient of variation (COV): 
_ Standard deviation of tracer concentrations 
Mean tracer concentration 
Shortly after the inflow begins, the distribution of tracer in the tank is quite heterogeneous and 
the COV is large. It decreases as the tank becomes increasingly well-mixed, and approaches 
zero as the tank becomes fully mixed. 
Following the dimensional analyses of Chapter 2, the COV for a cylindrical tank mixed by a 
jet inflow whose density is the same as the stored water (i.e. B = 0) can be expressed as: 
C0F = /{r,-| 
where r = tMxn IV2'3 is dimensionless time. Rossman and Grayman (1999) defined the time for 
full mixing, tm (see Eq. 2.8) as the time required for the COV to fall to 0.05 (5%). Based on 
experiments in cylindrical tanks in which the tracer concentrations were measured with 
conductivity probes, they estimated the value of the constant in Eq. 2.8 as approximately equal to 
10. 
Unlike tracer studies with point probe measurements that can only obtain small number of 
measurements, 3DLIF captures the concentration in the entire tank, allowing the COV to be 
calculated with far greater accuracy. Typically, the images represent sampling at millions of 
points in the tank, vastly greater than can be obtained by point-probe techniques. The CCD 
camera introduces random noise, however, which yields a COV of about 3% in a well-mixed 
tank. Therefore, we take the criterion for judging the reservoir to be "well-mixed" is that the 
COV be less than 10%. This yields similar results to those presented by Rossman and Grayman, 
as shown below. 
The dimensionless mixing time, rm is a useful measure with which to compare the mixing 
efficiencies of different tank and inlet geometries. In this section, dimensionless mixing times 
for each test are presented along with summaries of the test conditions. Further discussions and 
comparisons between the tank geometries are given in Chapter 4. Some of the many flow 
images that were obtained are presented in this report; additional images, and two and three 
dimensional animations of some experiments, are on the accompanying CD. 
(3.2) 
13 
GC TANK EXPERIMENTS 
Introduction 
Nine configurations of tank style GC were tested. The experiments were conducted with 
neutral, positive, and negative buoyancies. The experiments with buoyancy effects corresponded 
to prototype temperature differences of ±10°F. A summary of the experiments and 
dimensionless mixing times is given in Table 3.1, for more details see Appendix B, Table B.l . 


























































































































































































































































































































































' A positive density difference means that the inflowing water is warmer than that in the tank, i.e. 
the inflow is positively buoyant. 
NM = Did not become mixed 
15 
• < 
Experiments with no buoyancy effects 
Images of a typical experiment with one nozzle (GC01) are shown in Figures 3.1 and 3.2. 
Figure 3.1 shows three-dimensional instantaneous visualizations of the.iracer concentrations in 
false color. Figure 3.1a shows three planes out of the 40 obtained, and Figure 3.1b shows how 
concentration distributions in two orthogonal planes. Figure 3.2 shows an instantaneous tracer 
concentration distribution on the central plane through the jet. The inflowing jet is the region of 
high concentration to the left of the image. A recirculation zone can be seen, and three-
dimensional effects result from flow around the cylinder walls. Animations of this experiment 
are on the CD. 
The COV and inflow rate are shown in Figure 3.3 as functions of both real time and 
normalized time. The COV initially increases as the inflow enters the tank, reaches a maximum, 
and then decreases as the tank becomes uniformly mixed. For this example, the COV becomes 
equal to 10% after about 85 seconds, corresponding to a dimensionless mixing time of about 
10.7. 
a) Three parallel planes b) Two orthogonal planes 
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Figure 3.2 False-color image of instantaneous tracer 
concentration on center-plane (GC01-06) 
t = 76.8 s 
6 10 13 16 19 23 28 C (vgll) 
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The COV variation for this and other experiments with tank style GC01 with different 
inflow rates are plotted versus dimensionless time in Figure 3.4. Although the data are scattered 
in the early stages, they collapse to a common curve at later times. The dimensionless mixing 
time, tm « 11, close to the value of 10.2 suggested by Rossman and Grayman (1999). 
100 150 
Time, t (sec) 
Dimensionless time, tM^^A/^ ; 
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Dimensionless time, 
m1/2N2/3 
Figure 3.4 Normalized COV measurements for GC01 
tests with no density differences 
25 
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The mixing times for all the GC tank experiments with no buoyancy were computed. They 
are plotted versus inflow velocity in Figure 3.5. With one exception, the tanks became mixed 
within the duration of the experiment in all cases. The most rapid mixing occurred with GC08 
(four vertical nozzles); the slowest was GC03 (single horizontal nozzle near the floor). The 
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Figure 3.5 Mixing times for GC tanks, no buoyancy 
The exception that did not become mixed was test GC02-02. This tank has a single, vertical 
nozzle in the center of the tank. The reason it did not mix can be seen in Figure 3.6. These 
images show a donut, or ring-shaped, dead zone that contains low tracer concentrations. This 
dead zone was quite stable and persistent, as can be seen on the animations on the CD, 
preventing the tank from becoming mixed. For the same configuration with high momentum 
(GC02-01), the dead zone was less significant, and the tank did mix. Because of the unexpected 
nature and importance of this phenomenon, it was studied further; the results are discussed 
below. 
t=168s 
Figure 3.6 Dead zone in experiment GC02-02 
Experiments with buoyancy effects 
The experiments with buoyancy effects were conducted with density differences 
corresponding to temperature differences between the inflow and the stored water of about 
±10°F. 
The dimensionless mixing times are shown in Figure 3.7. For high momentum inflows, the 
tanks again became mixed with little apparent effect of the density differences. Smaller 
momentum fluxes, however, could not overcome the effects of the density differences and the 
tanks did not mix for positively buoyant jets; the tanks became stratified. For negatively buoyant 
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Inflow velocity (ft/s) 
a) Negatively buoyant inflow 
10 
4 6 
Inflow velocity (ft/s) 
b) Positively buoyant inflow 
Figure 3.7 Mixing times for GC tanks with density differences 
Center-plane images for the experiments that did not mix and became stratified are shown in 
Figure 3.8. Some of the resulting stratifications were quite strong, for example GC03-04 (single, 
horizontal nozzle near bottom, with low flowrate and negative buoyancy), and most of the inflow 
stayed near the bottom. 
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t = 272s 
S 11 1S 10 23 26 30 C(j igA-) 
t = 127 2 s 
6 10 14 10 22 2> 30 C ( n g t - ) 
GC02-04 GC02-05 
t = 272s 
4 7 11 14 18 21 26 C(nS'L) 
t = 127.28 
11 14 17 21 24 27 30 C ( l ^ f l - ) 
GC03-04 GC03-06 
Figure 3.8 Center plane images for GC tank experiments that became stratified 
Whether the inflow mixes the tank depends on the value of lM/H, or Fj/(H/d), where 
lM = M3/A/BU2 is a length-scale and Fj is the densimetric Froude number of the jet defined in 
Chapter 2. The following observations apply for the present experiments 
(0.38 <F./(H/d)< 1.7). 
When F. /(H/d) < 0.63, for the tanks with one or two nozzles, mixing did not occur for 
either positively or negatively buoyant inflows. For tanks with three or four nozzles, the tanks 
mixed for negatively buoyant inflows but did not mix for positively buoyant inflows. When 
FMH/d} > 1.0, for experiments with more than one nozzle, the tanks mixed for both positively 
and negatively buoyant inflows. For vertical discharges with one nozzle (GC01 and GC02), the 
tanks mixed for negatively buoyant inflows but not for positively buoyant inflows. For 
horizontal discharges with one port (GC03), the tank mixed for positively buoyant inflows but 
not for negatively buoyant inflows. These observations are discussed further in Chapter 4. 
Experiments on the "donut" dead zone 
As previously discussed, some of the GC02 experiments (one vertical nozzle at the tank 
center) with no density differences showed a "donut" shaped dead zone. Because this dead zone 
precludes complete mixing within the tank, further experiments were performed to investigate its 
nature. Six experiments were conducted with inflow velocities ranging from 3 to 8 ft/s. We 
cannot do inflow velocities greater than 8 ft/s in the present experiments.' 
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Images of the experiments are shown in Figure 3.9. The dead zones (the blue/purple 
regions) are quite apparent as in all experiments except for the one with the highest inflow rate; 
the dead zone was indeterminate for this experiment. 
3 ft/s (GC02-02) 4 ft/s (GC02-10) 
5 ft/s (GC02-09) 6 ft/s (GC02-08) 
7 ft/s (GC02-07) 8 ft/s (GC02-01) 
Figure 3.9 Center plane images with central inlet showing dead zones (Blue/purple areas) 
Variations of COV with dimensionless times for experiments GC02-01 (8 ft/s) and GC02-02 
(3 ft/s) are shown in Figure 3.10. Also shown for comparison are results for tanks with single 
vertical side inlets (GC01) at the same velocities. For dimensionless times less than about seven, 
the lower inflow velocities show lower COV values, but the curves approach each other for 
longer dimensionless times. For the same velocity, the side inlets (GC01) show lower COV 
values (i.e. better mixing) than the center inlets. Although the mixing time for the center inlet at 
8 ft/s was not significantly longer than for the side inlet (according to the criterion COV < 0.1), 
the center inlet experiments show a longer tail and hence worse mixing for longer times, because 
of the dead zone. These results indicate that side inlets may be preferable to center inlets. 
- - GC01-09, 8fVs 
GC01-10, 3 ft/s 
GC02-O1. 8 ft/s 
GC02-02. 3 ft/s 
0 5 10 
Dimensionless time, 
tM^/v2/3 
Figure 3.10 Variations of COV for center and side-inlet GC tanks. 
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The variation of dimensionless mixing time, rm versus inflow velocity, Uj is shown in Figure 
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Figure 3.11 Mixing time for tests with dead zones 
Simultaneous inflow/outflow experiments 
Some experiments were done with simultaneous inflow and outflow at the same flow rates 
so the volume in the tank remained constant. The experiments were done with tank GC01 in the 
configuration shown in Figure 3.12. There is a single vertical inlet nozzle near the tank wall and 
a single outflow of the same diameter near the opposite wall. These experiments were run 
specifically as test cases for CFD modeling. Four experiments were done at two different 
flowrates (Table B.3). For test GC01-17 the LIF measurements were made only on the tank 
center plane. GC01-18 was a repeat of GC01-16. 
I Outlet, 
^-Inlet 
Figure 3.12 Configuration for 
simultaneous inflow/outflow experiments 
Two experiments with and without inflow are shown in Figure 3.13. In both cases, the 
mixed inflow quickly appeared at the wall opposite to the inlet (near the outlet). With no 
outflow, it then moved back towards the inlet and was re-entrained, resulting in efficient mixing. 
With outflow, however, some of the mixed inflow exits through the outlet pipe and recirculation 
is reduced. This caused the dimensionless mixing times to be longer with outflow than without. 
With outflow, they were 13.1 to 13.7, compared to 8.7 to 11.8 for similar geometries with no 
outflow (Figure 3.7 and Table B.3). Mixing times with outflow were similar for the two 
flowrates tested. 





Inlet a) No outflow 
Inlet b) With outflow Outlet 
Figure 3.13 Tests with and without simultaneous 
outflow 
Summary 
For GC tanks, the mixing time decreases as the number of nozzles is increased. The 
configuration with four vertical nozzles (GC08) resulted in fastest mixing. The mixing time was 
not strongly dependent on inlet position or orientation for high momentum flux flows, but did 
depend somewhat on the inlet position and orientation for low momentum flux. For negatively 
buoyant jets, vertical nozzles are better; for positively buoyant jets, horizontal nozzles are better. 
These findings are discussed further in Chapter 4. 
ST TANK EXPERIMENTS 
Introduction 
Experiments were conducted on the Standpipe (ST) model with seven different 
configurations, as summarized in Table 2.2. Configurations ST01, ST02, and ST03 have single 
vertical nozzles, and ST07 and ST09 have multiple horizontal nozzles. ST11 has a "draft-tube," 
that has been proposed as a device to enhance mixing. The nozzle diameters for the multiple 
nozzle tests, ST07 and ST09, were reduced to maintain the same total port area (and therefore jet 
velocity and momentum flux) as the single-port tests. Tests ST01 through ST09 were conducted 
at a nominal scale of 80:1. The prototype tank diameter is then 50 ft and the initial water depth 
125 ft. For the single nozzle cases the prototype port diameter was 16 inches. 
The combinations of inflow momentum flux and density differences that were tested are 
summarized in Table 3.2. The inflow was either "low" or "high" momentum, the density 
difference was either zero, or corresponded to prototype temperature differences of-2.5, -5.0, or 
23 
-10.0°F. The inflows were always negatively buoyant (i.e. the inflow was more dense than the 
water in the tank). For ST01 through ST03, two experiments (low and high momentum) were 
conducted with no density difference. For the experiments with density differences only tow 
momentum inflows were investigated as this is the most critical case for mixing. Two 
experiments were conducted for each multiport model (ST07 and ST09), both with low 
momentum. One had no density difference and the other a density difference corresponding to a 
temperature difference of -10°F. For details of the experiments, see Table B.2. 
Tests ST11 and 12 were conducted to investigate the effects of a draft tube on mixing. The 
model is geometrically similar to an actual draft tube design in order to replicate the claimed low 
pressure at the inlet that entrains flow into the draft tube. Because the prototype dimensions for 
the draft-tube tank were slightly different than for the tests above, the model scale was changed 
to 85.7:1. The prototype dimensions are shown in Figure 3.14. ST12 is identical to ST11 except 
there was no draft tube. Five tests were conducted for each configuration: high and low 
momentum with no density difference, and low momentum jets with negatively buoyant inflows 
corresponding to prototype temperature differences of-2.5, -5.0, or -10.0°F. 
24 





















ST02 01 0.0 1.09 15.9 
02 0.0 2.20 14.8 
03 -23.0 0.55 NM 
04 -10.8 0.57 NM 
05 -5.2 0.55 NM 
01 0.0 2.55 15.1 
02 0.0 1.07 15.2 


















ST11 01 0.0 2.30 NM 
02 0.0 1.07 NM 
03 -23.0 0.55 NM 
04 -10.8 0.55 10.7 
05 -5.2 0.56 12.5 
01 0.0 2.34 15.8 
02 0.0 1.07 15.5 
03 -23.0 0.56 NM 
04 -5.2 0.56 13.4 
05 -10.8 0.56 NM 
+ 
ST12 
' A positive density difference means that the inflowing water is warmer than that in the 
tank, i.e. the inflow is positively buoyant. 
NM = Did not become mixed 
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Figure 3.14 Prototype dimensions 
of standpipe with draft tube (ST11) 
Experiments with no buoyancy effects 
Dimensionless mixing times for the experiments that became mixed are shown in Figure 
3.15. The dimensionless mixing times range from about 13 to 19 and do not show a dependence 
on inflow velocity. These times are generally longer than those observed for ground level 
cylindrical tanks (GC) with single nozzles, in other words, ST tanks are more difficult to mix 
than GC tanks. For a single nozzle, the horizontal orientation (ST01) takes significantly longer 
to mix than vertical (ST02 and ST03), and the vertical center nozzle (ST.03) mixed slightly faster 
than the vertical side nozzle (ST02). With the draft tube, the tank did not become well-mixed for 













O ST07 (2 nozzles) 
V ST09 (7 nozzles) 
> ST12 
12 
Inflow velocity (ft/s) 
Figure 3.15 Mixing times for ST tanks - no buoyancy 
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Increasing the number of nozzles resulted in somewhat more rapid mixing. The mixing time 
decreased by about 8 to 15% compared to the vertical single nozzles; seven-nozzles (ST09) were 
slightly better than two (ST07). 
The reason for the poor mixing of the horizontal nozzle (ST01) can be seen in the LIF 
image, Figure 3.16. The flow separates into two regions, with higher concentrations in the lower 
region, and lower concentrations in the upper region. Mixing between these two regions is slow, 
resulting in longer mixing times. 
Figure 3.16 Horizontal nozzle 
(ST01-01) 
With a draft tube, the tank did not mix for either the high or low momentum inflows. The 
reason can be seen in Figure 3.17 which shows flows at the same times with and without a draft 
tube. (The top of the tube is outside the field of view). Entrainment into the jet is reduced by the 
tube and can only occur over the exposed length of the jet before it enters the tube. The mixed 
inflow exits from the tube top, and then spreads out and slowly sinks and mixes with the ambient 
water. The concentration distribution is clearly more spatially heterogeneous than without the 
tube, i.e. the tank is less well-mixed. 
Without draft tube (ST11-01) With draft tube (ST12-01) 
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Figure 3.17 Effect of draft tube on mixing - no buoyancy 
This behavior can be quantified by comparing the COVs plotted in Figure 3.18. The COV 
for the experiments without the draft tube decrease rapidly, indicating efficient mixing, and 
becomes well-mixed at a dimensionless time of about 15. In contrast, the COV with the draft 
tube remain high, indicating large spatial variability, and do not fall below 10%, the assumed 
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Figure 3.18 Mixing with and without a draft tube 
Experiments with buoyancy effects 
The ST experiments with buoyancy effects were conducted with density differences 
corresponding to prototype temperature differences of-2.5, -5.0, and -10.0°F. The inflows were 
negatively buoyant, i.e. more dense than the water in the tank. 
The dimensionless mixing times for the tanks that became mixed are shown in Figure 3.19. 
None of the single-nozzle configurations (ST01 through ST03) resulted in uniform mixing. This 
is because the vertical negatively buoyant jets did not reach the water surface, and mixing only 
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Figure 3.19 Mixing times for ST tanks with negatively 
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buoyant inflows 
The maximum rise height, zm of a vertical negatively buoyant jet is proportional to the 
product of the nozzle diameter, d and the jet densimetric Froude number, Fj (Roberts and Toms, 
1987): 
zm=CdFj '• (3.3) 
where C is an experimental constant »2.1. The maximum rise height predicted by Eq. 3.3 for 
experiments ST02 and ST03 is between 36 ft and 76 ft in the prototype, much lower than the 
initial water depth of 125 ft. The water depth for experiment ST12-04 is 134 ft and zm is 
predicted to be 140 ft. The tank did become mixed in this case. These results suggest that an 
approximate criterion for the tank to mix isF} j{HId) > 0.5 . The rise height for ST01 is zero 
because the jet is discharged horizontally; therefore, the tank would not be expected to mix. 
The draft tube did result in the tank becoming mixed for some of the experiments with 
density differences. The reason can be seen in Figure 3.20, which shows images for a 
temperature difference of -5°F with and without the draft tube. The flow up the draft tube can be 
clearly seen as the red column. For this density difference (and smaller), the inflow exited the 
top of the tube with considerable momentum. It then spread out and ascended (because the 
mixture is heavier than the ambient water) resulting in rapid mixing. When the density 
difference was large (10°F), however, the inflow only just reached the top of the tube. It had 
little residual momentum and sank to the tank bottom with little mixing. The top of the draft 
tube is above the field of view of this image but some of the mixed inflow can be seen falling 
down outside the tube. In contrast the tank without the tube shows that the dense jet (the red 
area) does not reach the water surface. It falls back on itself and fills the tank from the bottom, 
resulting in strong stratification that resists further mixing. The role of the draft tube in this case 
is to provide a path that does not otherwise exist for the jet to the top of the tank. See the CD for 
animations of these experiments. 
Without draft tube (ST12-0S) With draft tube (ST11-04) 
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Figure 3.20 Effect of draft tube with negatively buoyant inflows 
Multiport nozzles again resulted in more rapid mixing. As previously discussed, with no 
density difference, seven-nozzles were slightly better than two. With a density difference, 
however, two nozzles (ST07) were better, and the seven-nozzle tank (ST09) did not become well 
mixed. The reasons can be seen in Figure 3.21. The top nozzle in ST09 is higher, resulting in 
mixing up to the water surface, and a long entrainment path as the jet falls to the bottom. The 
concentration in ST07 is fairly uniform but in ST09 it is layered with- different concentration 
levels. These results are discussed further in Chapter 4. 
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Figure 3.21 Two- and seven-nozzle tanks at t = 240 s 
Summary 
Without the draft tube, the mixing time for standpipe (ST) tanks is generally longer than for 
similar configurations of ground level cylindrical (GC) tanks. Single vertical inlets are more 
efficient than a single horizontal inlet. Increasing the number of nozzles to two decreased 
mixing times by about 10%, but increasing the number of nozzles beyond two only slightly 
reduced the mixing times. 
The draft tube reduced mixing with no density difference because the tube inhibited 
entrainment into the jet. The tank did not become well-mixed with the draft tube installed. 
The draft tube improved mixing with negatively buoyant inflows,-however. Without the 
draft tube, the jet did not reach the water surface, resulting in strong stratification in the tank that 
inhibited further mixing. For jets of low or medium density difference, the draft tube provided a 
pathway for the jet to the top of the tank. The residual momentum and excess density of the jet 
then caused it to ascend, mixing the tank. For larger density difference, however, the residual 
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momentum of the jet was too small to mix the tank. Varying the draft tube geometry might 
improve its mixing capabilities. 
With negatively buoyant inflows two nozzles at mid depth and near the water surface mixed 
more rapidly than did one nozzle. 
GR TANK EXPERIMENTS 
Introduction 
Experiments were conducted on ground level rectangular (GR) model tanks with single and 
multiple nozzles in the configurations summarized in Table 2.2. The tests were conducted at a 
nominal scale of 81.6:1. The tanks had 1, 3, or 4 nozzles. For the single nozzle configurations 
the prototype port diameter was 16 inches. The model sidewall lengths are 15.4" (i.e. the tanks 
are square) and the initial water depth was 4.4". At a scale of 81.6:1 this corresponds to 
prototype tank sidewall lengths equal to 105 ft and an initial water depth of 30 ft. 
The combinations of inflow momentum flux and density difference between the inflow and 
the tank water that were tested are summarized in Table 3.3. The experiments with density 
differences corresponded to prototype temperature differences of -2.5, -5.0, or -10.0°F; the 
inflows were always negatively buoyant (i.e. the inflow was more dense than the water in the 
tank). Only low momentum inflows were tested with density differences as this is the most 
critical case. For details of the experiments, see Appendix B, Table B.3. 
Experiments with no buoyancy effects 
The results for tests with no density differences are shown in Figure 3.22 as the 
dimensionless mixing time plotted versus the number of nozzles. The tanks became well mixed 
for all cases. The mixing time generally decreases with increasing number of nozzles. For a 
single nozzle, the horizontal orientation is most efficient. The vertical nozzle (GR04) results in 
considerably longer mixing time. This is probably because the jet interacts with the water 
surface and creates surface fluctuations that apparently impede circulation and mixing, 
particularly at high influx momentum. This effect can be seen in Figure 3.23 where, for the same 
dimensionless time, the mixed inflow has not yet reached the far side. Similar results were 
observed for the ground level cylindrical (GC) tank except that in that case, the mixing time with 
high momentum was only about 20% higher. Otherwise, the mixing times with rectangular tanks 
were generally comparable to those for round tanks. 
The horizontal orientation was also better with multiple nozzles. This is because the tanks 
are long and relatively shallow, so the horizontal jet affords greater opportunity for entrainment 
before impacting a boundary than do the vertical or 45° nozzles. The best configuration was 
GR05, which has four ports arranged in a cluster discharging horizontally near the center of the 
tank at mid depth. 
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A positive density difference means that the inflowing is warmer than that in the 
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tank, i.e. the inflow is positively buoyant. 
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Figure 3.22 Dimensionless mixing times for GR tanks with no buoyancy 
0.04 0.06 0.09 0.12 0.15 0.17 0.20 C/Co 
Low momentum (GR04-1) 
0.04 0.06 0.09 0.12 0.15 0.17 0.20 C/Co 
• > ^'^w-^ir 
High momentum (GR04-2) 
Figure 3.23 Low and high momentum vertical inflows with 
one nozzle into GR tank (x = 10.4) 
Experiments with buoyancy effects 
The experiments with buoyancy effects were conducted with density differences 
corresponding to prototype temperature differences of about -2.5, -5.0, and -10.0°F. 
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The horizontal discharge was least efficient at mixing. As shown in Figure 3.24, tanks 
GR01 and GR02 became strongly stratified and the dense inflow stayed near the tank bottom. 
Because mixing was not observed for the smallest density differences, larger density differences 
were not tested. For a vertical nozzle (GR04), the tank became well mixed for small density 
differences (-2.5 and -5.0°F) but not for larger (-10.0°F). Only tank GR06 (four vertical nozzles) 
resulted in uniform mixing for the highest density difference. 
GR01-03 
t = 210s 
5 7 10 12 15 17 20C(M9 / L ) 
GR02-03 
Figure 3.24 Tank GR with negative density differences 
Summary 
The tests with rectangular tanks (GR) show similar results to those obtained with the 
cylindrical (GC) tanks. Horizontal nozzles result in best mixing with no density difference, and 
vertical orientations are best with negatively buoyant inflows. Increasing the number of nozzles 
results in more rapid mixing. 
Effect of depth to diameter ratio for cylindrical tanks 
Many water storage tanks are cylindrical. For a given inlet configuration and with no 
density differences, the dimensionless mixing time is given by Eq. 2.7: 
t MU2 (H\ 
*m
 = J2^ = f — O-4) 
m V2n {D 
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The effect of H/D is usually neglected, so the dimensionless mixing time is constant. Rossman 
and Grayman (1999) performed experiments for cylindrical tanks with single horizontal and 
vertical nozzles over the range 0.11 < H/D < 0.49 and obtained: 
tJA 1/2 
T_ = • 
r2/3 
10.2 (3.5) 
Their data had considerable scatter, however, with values ranging from 6.4 to 17.4. 
The GC and ST experiments with cylindrical tanks that were previously discussed had 
constant H/D equal to 0.25 and 2.5, respectively. Additional experiments were performed using 
these tanks with different water levels to systematically investigate the effect of H/D. The inflow 
was discharged vertically from a single nozzle at the bottom near the wall (GC01 and ST02 
configurations, see Table 2.2). Only cases with no density difference were tested. For the GC 
model, experiments were conducted at HID = 0.25, 0.50, 0.75, 1.0 (GC01-06 to GC01-10 and 
GC01-19 to GC01-22) and for the ST model, experiments were conducted at HID = 0.5, 1.0, 1.5, 
2.0, 2.5 (ST02-01 to ST02-02 and ST02-06 to ST02-13). The results are included in Tables B.l 
and B.2. 
The results are plotted in Figure 3.25. Also shown for comparison is the result of Rossman 
and Grayman (1999). It can be seen that the dimensionless mixing time becomes longer as HID 
increases above about 1, i.e. as the tank becomes more tall and slender. For equal volumes and 
inflow conditions, the mixing time for a tank with HID = 2.5 is about 50% longer than for one 
with HID < 1. The results can be approximated by: 
10 for///Z)<1 
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Figure 3.25 Effect of depth-to-diameter ratio on 
mixing in cylindrical tanks 
The results show more scatter at small values of HID. For these cases, the high momentum 
inflow caused surface displacements and waves. This is a gravitational phenomenon that is not 
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included in the dimensional analysis leading to Eq. 2.7. An additional parameter in this case is 
M/gH3, which is a measure of the extent to which the jet still has sufficient velocity at the water 
surface to cause surface waves. Figure 3.25 suggests that free surface effects are not important 
when M/gH3 < 0.0007. Higher values lead to free surface effects that increase the data scatter. 
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CHAPTER 4. 
DISCUSSION OF EXPERIMENTAL RESULTS 
INTRODUCTION 
The experiments have generated considerable data covering wide ranges of storage tank 
configurations and flow characteristics. They show the water tank flows to be dominated by 
large-scale, coherent unsteady vortices, which account for a significant part of the transport and 
mixing. These flows will be a challenge even for advanced CFD codes. Recent work has shown 
that eddy-viscosity models fail in flows dominated by coherent structures and accurate 
predictions of such flows require the use of unsteady statistical turbulence models, based on 
hybrid unsteady Reynolds averaged equations (URANS) and large eddy simulations (LES) 
formulations (Paik et al, 2004). Unsteady URANS/LES models, which have shown great 
promise in complex engineering flows (Paik et al. 2004, 2005), should be extended and applied 
to water tank flows. Further discussion of the experimental results is presented in this section, in 
particular of buoyancy effects and to compare tank and inlet geometries. 
EXPERIMENTS WITH NO BUOYANCY EFFECTS 
In order to compare the mixing efficiencies of various inlet configurations with no buoyancy 
effects, it is convenient to plot the dimensionless mixing times versus the number of nozzles. 
The graphs in this section show vertical discharges by solid symbols, horizontal by open 
symbols, and other orientations by half-filled symbols. For the actual nozzle orientations, see 
Table 2.2. 
The experiments with ground level cylindrical (GC) tanks are summarized in Tables 3.1 and 
B-l. The following discussion is for a constant ratio of water depth to diameter, HID = 0.25. 
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Figure 4.1 Mixing times for GC tanks with no buoyancy effects 
All of the nozzle configurations resulted in uniform mixing (as defined here). There were 
significant differences in the mixing times, however, among the different configurations. The 
most efficient mixing (lowest dimensionless mixing time) is achieved by the tank GC08, which 
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has four vertical nozzles. The dimensionless mixing time, xm = 6.2 for this case. Increasing the 
number of vertical ports would presumably further decrease the mixing time, but this was not 
tested. The configurations with five and six ports (GC04 and GC07) had ports oriented at 45° to 
the horizontal. These were less efficient. Decreasing the number of vertical ports to three 
(GC06) increased the mixing time to about 8.5, which was slightly better than three horizontal 
nozzles (GC05). This was essentially the same as two nozzles at mid-depth (GC09). For a 
single nozzle, the best configuration was vertical near a wall (GC01), which had an average 
mixing time of 10.1. A horizontal single nozzle near the floor (GC03) resulted in a slightly 
longer mixing time of 11.4. The vertical nozzle at the center had much longer mixing times. 
This is an anomalous case, however, due to the formation of the donut-shaped dead zone that 
was discussed in Chapter 3. 
For ground level circular tanks, vertical nozzle orientations resulted in best mixing. Mixing 
improved as the number of nozzles was increased. Compared to a single nozzle, three nozzles 
reduced the mixing time by about 25%, and four nozzles reduced it by almost 50%. If a single 
nozzle is used, it may be preferable to place it near the sidewall, as this avoids the dead zone that 
was observed in some experiments. Horizontal orientations resulted in slightly longer mixing 
times, but 45° orientations were significantly less efficient, even with more than four nozzles. 
The experiments with standpipe (ST) tanks tested are summarized in Tables 3.2 and B-2. 
The following discussion is for a constant ratio of water depth to diameter, H/D = 2.5. Other 
H/D values were discussed in Chapter 3. The mixing times are shown in Figure 4.2. 
A ST01 Horiz. 
O ST07 Horiz. 
• ST09 Horiz. 
• ST02 Vert. 
T ST03 Vert. 
Figure 4.2 Mixing times for ST tanks with no buoyancy effects 
Single nozzle configurations were tested in three configurations, all discharging near the 
floor: Horizontal (ST01), vertical near the wall (ST02), and vertical at the tank center (ST03). 
The two vertical configurations mixed faster than the horizontal. There was no significant 
difference between the two vertical nozzle placements, but the horizontal nozzle resulted in 
about 17% longer mixing time. 
Two multiple-nozzle configurations were tested, both with horizontal discharges: Two 
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water depth (ST11). The two nozzle configuration reduced the mixing time by about 10% 
compared to the single nozzle; seven ports only reduced this by an additional 6%. There is 
therefore little to be gained by increasing the number of nozzles for stand pipe tanks. 
The experiments with ground level rectangular (GR) tanks are summarized in Tables 3.3 and 
B.3. All tests were conducted with square tanks with a ratio of water depth to sidewall length 
H/D - 0.29. The dimensionless mixing times are shown in Figure 4.3. 
A GR01 Horiz. 
0 GR02 Horiz. 
• GR03 Horiz. 
0 GR05 Horiz. 
7 GR07 45° 
A GR08 45° 
• GR04 Vert. 
• GR06 Vert. 
4 
Figure 4.3 Mixing times for GR tanks with no buoyancy effects 
Three single nozzle configurations were tested: Horizontal near the floor at the center of a 
wall (GR01), and near a corner (GR02), and vertical at the center of a wall (GR04). The 
horizontal nozzles resulted in most rapid mixing, with little difference between nozzle location at 
the wall center or in a corner. The vertical nozzle was significantly (50%) slower mixing. This 
is presumably due to the longer entrainment path length for the horizontal nozzles. 
Five multiple-nozzle configurations were tested. GR03 had three nozzles clustered together 
at the center of a wall, mid water depth at right angles to each other. This reduced the mixing 
time by about 25% compared to the horizontal single nozzles. Four different configurations of 
four-nozzle arrangements were tested. Again, best results were obtained with horizontal nozzles, 
GR05, with the nozzles perpendicular to each other at mid depth in the tank center. This 
configuration reduced the mixing time by 40% compared to the single nozzles. Those with 
vertical or nozzles at 45° (GR06, GR07, and GR08) compared to the three nozzle configuration. 
EXPERIMENTS WITH BUOYANCY EFFECTS 
Negative buoyancy 
The main variables that determine mixing in a tank where the inflow has a different density 
than the water in the tank are the momentum flux, M, the buoyancy flux, B, the water depth, H, 
the tank diameter (or wall length for a square tank), D, the number of nozzles, n, and the inlet 
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M1 
1/3 r j 2 / 3 D BUiH 
n, Inlet geometry > (4.1) 
(Note that lu/H = ( M
1 / 2 /BV3H2'3) SO either group can be used). 
Density differences may prevent the tank from becoming mixed. This depends on the values 
of the independent parameters in Eq. 4.1, particularly the momentum flux parameter. The 
momentum flux and orientation of inclined nozzles can be approximately combined into the 
vertical component of momentum, M sin 6 where 6 is the angle of the nozzle to the horizontal. 
Eq. 4.1 then becomes, for particular nozzle locations: 
tmM
V2 _ \(Msm0)U2 
H2 J\ BmH2n 
(4.2) 
The results for all tanks with bottom inlets are shown in Figure 4.4. The experiments that 
became mixed are shown with solid symbols, and those that did not with open symbols. 
(M sin 6>)" 
BmHVi 
Mixed Did not 
m i x 
GC • > 
GR -4 < 
ST ± A 
2 3 4 5 6 
Number of nozzles 
Figure 4.4 Mixing of negatively buoyant inflows for all tanks with bottom inlets 
The main parameter that determines whether mixing occurs is the momentum flux parameter 
of Eq. 4.2 with a weak dependence on the number of nozzles. This is because the main 
mechanism for mixing is the total momentum flux (although when mixing does occur, it is more 
rapid with more nozzles, as previously discussed). Figure 4.4 indicates that a simple criterion for 




None of the experiments with single, horizontal nozzles became mixed. For horizontal 
inlets, the vertical component of momentum is always zero so the parameter of Eq. 4.2 is not 
useful. The total momentum flux parameter of Eq. 4.1 is more appropriate, and the results for 
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tanks with horizontal nozzles are plotted using this parameter in Figure 4.5. This figure includes 
all experiments with elevated nozzles, in addition to the bottom nozzles. 
- • Mixed 
^ G C 0 3 - 0 3 A G C 0 9 . 0 3 ^ G C 0 5 - 0 5 
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Figure 4.5 Mixing of negatively buoyant inflows for tanks 
with horizontal nozzles 
Of the 12 tests with horizontal nozzles, only three resulted in mixing. They were the tanks 
with multiple nozzles that were elevated above the tank bottom. Even for those cases, however, 
configurations GC05 (3 nozzles at 1/3 and 2/3 depth) and GC09 (2 nozzles at mid depth), only 
mixed at high momentum fluxes, but not at lower momentum fluxes. Figure 4.5 indicates that 
the division between mixed and not mixed appears to be MU2/BV3M2'3 « 1 . The standpipe 
tanks are an exception to this. ST07 (two nozzles, at mid depth and near the water surface) 
became mixed for MU2/BV3M2'3 « 0.27. Note, however, that ST09 (9 nozzles distributed over 
depth) did not become mixed for the same value of the momentum parameter. 
Finally, as previously discussed, the draft tube can aid mixing. Tests ST did not become 
mixed for (Msm0)U2 / BV3M2/3 = 0.36 but did mix for the two tests with 
(Msm0)u2/BV3M2,3>O33. With no draft tube, the criterion was expected to be 
(Msm9f2/BU3 M213 > 0.85 according to Eq. 4.3. In other words, the presence of the draft tube 
reduces the value of the critical momentum flux parameter above which mixing occurs. 
In conclusion, negatively buoyant inflows mix best with either vertical nozzles at the 
bottom, or horizontal nozzles near the water surface. The momentum flux of the vertical bottom 
nozzle is opposite to the direction of gravity, and aids in raising the center of gravity of the tank 
water. The horizontal near-surface discharge uses the density difference to aid mixing as the 
buoyant jet falls to the bottom. 
Positive buoyancy 
For positively buoyant discharges (usually caused by warmer water entering colder water in 
the tank), conclusions opposite to the above would be expected. The experiments with positively 
buoyant inflows were run only with ground level cylindrical (GC tanks). The experiments with 
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Figure 4.6 Mixing of positively buoyant inflows for all tanks 
with bottom inlets 
Horizontal should be best. None of the single vertical nozzle configurations resulted in 
mixing. The only ones with upwardly inclined nozzles that did mix were those with multiple 
nozzles (three or more, no two nozzle configurations were tested) with high momentum flux. 
The tests with three or more nozzles that became mixed were those with (Msin#)1/2 /BU3M213 
greater than about one. Lower values of this parameter did not mix. The single horizontal inlet 
became mixed for high momentum but not for low momentum. 
To investigate this phenomenon further, the tests with horizontal nozzles were replotted in 
Figure 4.7 using the total momentum flux parameter. This clearly separates the results; the tests 
with MU2/Bll3H2'3 > 1.3 became mixed, and those with MU2/BV3H2/3 < 0.8 did not. 
M 1/2 
BViH< 
A Elevated not mixed. 
• Elevated-mixed 
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• Bottom mixed 
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Extensive experiments on the mixing induced by jets flowing into water storage tanks were 
conducted. The experiments involved scale models of cylindrical and square tank with 
dimensions that were typical of actual tanks. The complete distributions of tracer concentrations 
in the tanks were measured by a newly-developed three-dimensional laser-induced florescence 
(3DLIF) system that enabled accurate measurements of the extent of mixing in the tanks. Single 
and multiple-nozzle configurations were tested over a range of inflow velocities and density 
differences. 
Nozzle design recommendations for various tanks were presented. Mixing can usually be 
accomplished by relatively simple nozzle configurations, provided they are suitably configured, 
and overly elaborate mixing devices are probably unnecessary. Density differences between the 
inflowing water and the water already in the tank impede mixing, but can be overcome by 
suitable nozzle orientation and adequate momentum flux. Criteria for mixing and 
recommendations are given for various tank shapes and density differences. 
The experiments revealed complex flows that would be challenging to reliably simulate 
with present CFD (computational fluid dynamics) tools. The 3DLIF technique is a cost-effective 
technique for investigating mixing in water storage tanks. 
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APPENDIX A: 
APPLICATION OF RESULTS TO PROTOTYPE CONDITIONS 
Introduction 
The experiments described in this report were designed around the nominal prototype 
conditions (dimensions, flowrates and density differences) expected to be typical of operating 
storage tanks. The results can be scaled to other prototype conditions, however, by use of 
similitude. The means to do this, for flows with and without buoyancy effects, are discussed in 
this appendix. 
a) No Buoyancy Effects 
If the density of the inflow is the same as the density of the stored water, there are no 
buoyancy, or gravity effects on the flow. For this case, the dimensionless mixing time xm for 
cylindrical tanks is given by Eq. 2.7: 
( M 1/2 H\ r-=i^=/UJ (A1) 
where tm is the time for complete mixing (as defined in Chapter 3). Eq. A.l assumes the nozzle 
diameter is small in comparison to H and D, i.e. it is only important inasmuch as it affects the 
momentum flux of the inflow. This is a valid approximation for most practical cases. The 
dimensionless time therefore depends on the ratio of the water depth to tank diameter and some 
data on this dependence were given in Figure 3.25. For the GC tanks, with H/D = 0.25,rm ~ 10, 
and for ST tanks, with H/D = 2.5, rm «15 . These values are for a single vertical nozzle 
discharging near the tank wall; rm differs for other inlet configurations as discussed in the report. 
Consider, for example, a tank with height, H= 30 ft, diameter D = 120 ft, and an inflow rate, 
Q = 500 gpm =1.11 ft3/s, through a nozzle of diameter d= 16 in. The volume, V = (ntf/tyH = 
339,000 ft3, the inflow velocity, uj = Q/(n/4)d2, and the momentum flux, M = UjQ = 0.88 ft
4/s2. 






For this case, we have, H/D = 0.25, therefore rm «10. Solving Eq. A.2 yields tm = 52,000 sec = 
14.4 hours. Results for this and other flowrates are summarized in Table A.l. 
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From which it can be seen that decreasing the nozzle diameter or increasing the flowrate 
decreases the mixing time in direction proportion to the changes in diameter or flowrate. This is 
evident in Table A.l, where a change in nozzle diameter from 16 to 8 inches or a doubling of the 
flowrate halves the mixing time. Of course, the penalty for the more rapid mixing is an increase 
in the pumping head and power required. 
b) With Buoyancy Effects 
With no buoyancy effects, Eq. A.3 shows that the results can be scaled to any flowrate. 
With density differences, however, they cannot be, and the scaling is more complicated. 
With density differences, from Eq. 2.5: 
tX11 , 
r =— = f 





Where lM = M
3/4/BU2 is a length-scale that expresses the distance over which the jet momentum 
is important relative to the jet buoyancy flux. Again, this equation assumes the nozzle diameter 
is small in comparison to H and D. 
Similitude with buoyancy effects only applies when both the dimensionless ratios on the 
right hand side of Eq. A.4 are equal in model and prototype. (This is the same as the modeling 
laws, Eqs. 9 or 10.) For example, experiment GC01-13 corresponds to a tank diameter/)/ = 119 
ft, water depth Hi - 30 ft, temperature difference of -10°F (positive buoyancy, the inflow is 
warmer than the water in the tank), and a flowrate Qt = 5,010 gpm through a nozzle of diameter 
d) = 16 inches (Table B.2). The tank did not become mixed for these conditions. Suppose 
another tank has a diameter D2 - 80 ft, a flowrate Q2 = 1,000 gpm and a nozzle of diameter d2 = 
12 inches. To what prototype temperature difference would this correspond? 
For similarity, H/D must be the same, therefore the water depth of the second tank H2 
=H/xD2/D, = 30x80/119 = 20.1 ft. The ratio H/lM must also be the same, so IM2 = lm x H21 Hx. 
A-2 
For Tank 1, AT- -10°F, which is to a density difference Ap * 1.0 ovunits. Therefore: 
0/ = 5010 gpm=l 1.2 ft3/s 
uji = 8.0 ft/s 
M, = UjQ = 89.4 f fV 
Bl=g(Ap/Pa)Q=0M4ftW 
lm = Mr/B;
n =86A ft 
For Tank 2: 
Q2= 1000 gpm = 2.23 ft
3/s 
uj2 = 2.84 ft/s 
M2 = ujQ = 6.32 ft
4/s2 




2 .: B2 = 0.0021 ft
4/s3 = g(Ap/pa)2 Q2 
Therefore, Ap = 0.22 at-units, which is a temperature difference of about 2.0°F. 
The conditions for Tank 2 are then dynamically similar to those of Tank 1, and it can be 
concluded that a temperature difference of only 2.0°F would prevent the tank from mixing for 
these conditions. If it did mix, the time for mixing could be obtained from the experimentally 
determined value of Tm in a manner similar to the calculation for the case above with no density 
difference. 
For situations with density differences, two conditions for similitude must be satisfied. If 
the source momentum flux is arbitrarily chosen, the density difference for similitude must be 
computed as in the example above. Conversely, if the density difference is specified, then the 
source momentum flux must be computed. The source momentum flux and the density 
difference cannot both be arbitrarily specified. 
A-3 
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ABBREVIATIONS 
buoyancy flux of the inflow = g'0Q 
tracer (fluorescent dye) concentration 
source tracer concentration in the inflow 
coefficient of variation 
nozzle diameter 
diameter of cylindrical tank 
acceleration due to gravity 
modified acceleration due to gravity = g'0 =g(Ap/pa) 
densimetric Froude number of inflow jet 
water depth 
length scale of jet with density difference = M3/4/#1/2 
momentum flux of the inflow = ujQ 
total number or ports 
jet Reynolds number = Ujd/v 
inflow rate 
time 
temperature of water in tank 
temperature of inflow 
volume of water in tank 
inflow velocity 
maximum rise height of a dense jet 
temperature difference between tank water and inflow = Ta- T0 
density difference between tank water and inflow = pa - p0 
kinematic viscosity 
ambient density of water in tank 
inflow density 
dimensionless time = tMV2/V2n 
angle of nozzles to the horizontal 
model 
prototype (full-size) 
ratio of prototype to model, e.g. Dr = Dp/Dm 
